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SPIIEROIDIZATION  OF  BINARY  IRON-CARBON 
ALLOYS  OVER  A  RANGE  OF  TEMPERATURES 

K.  M.  Vedula*  and  R.  W.  Heckel** 

Abstract 

The  spheroldlzation  of  cementlte  in  binary  Iron-carbon  alloys  (0.24, 
0.42,  and  0.79  weight  percent  carbon)  was  Investigated  over  a  range  of 
temperatures  (594,  649,  and  704 *C)  for  times  up  to  about  10**  seconds. 
Quantitative  metallography  techniques  were  used  to  obtain  the  following 
mlcrostructural  data  on  the  cementlte  particles:  shape,  size  distribution, 
mean  size,  number  of  particles  per  unit  volume,  and  growth  (and  shrinkage) 
rates  of  various  sizes  In  the  size  distribution.  The  variations  of  these 
mlcrostructural  parameters  were  analyzed  in  terms  of  existing  models  for  the 
spheroldlzation  process. 

The  Lifshitz-Wagner  analysis  is  shown  to  have  limited  applicability  to 
the  spheroldlzation  of  cementlte  in  binary  steels,  since  the  required  steady 
state  size  distribution  is  not  attained  in  times  less  than  about  10**  seconds 
An  analysis  similar  to  that  of  Lifshitz  and  Wagner,  but  requiring  no  speci¬ 
fication  of  the  shape  of  the  size  distribution,  is  shown  to  apply  and  indi¬ 
cates  that  the  observed  spheroldlzation  was  diffusion-controlled.  The  effec 
tive  diffusion  coefficient  was  between  the  values  for  the  diffusion  of  car¬ 
bon  and  iron  in  ferrite  and  approximated  the  coupled  diffusion  coefficients 
developed  by  Oriani  and  Li,  Blakely,  and  Felngold. 
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I .  Ti.TRODl'CTIOb 

The  spheroidization  of  cencntitc  in  the  iron-carbon  system  has  been  con¬ 
sidered  previously  in  several  theoretical  and  experimental  investigations. 
T'nc  l.ifshi tz-V’apner  (1-4)  theory  predicts  that,  when  the  steady-state  size 
distribution  of  cementite  particles  is  attained,  the  kinetics  may  be  (in¬ 
scribed  by  tnuation  3  or  2: 


(i)  for  diffusion-controlled  growth: 

o3  o'3  _  irfcCoVwlt-tc) 

K  _  K«  -  'iJJ  RT 

(ii)  for  interface-controlled  growth: 

s1  p'z  -  t,TT  kcevS(t-t;) 


where: 


(1) 

(2) 


T2.  is  the  mean  particle  radius  at  any  tine  "t , 

is  the  mean  particle  radius  at  any  time,t0,  when  steady-state 

growth  begins, 

(T  is  the  surface  free  energy  of  the  interface  (assured  isotropic), 

D  is  the  diffusion  coefficient, 

C.0  is  the  equilibrium  solubility  under  conditions  where  all  parti¬ 
cles  have  a  radius  of  curvature  of  infinity, 
is  the  molar  volume  of  cementite  based  on  the  formula  Fc^C, 
is  the  gas  constant, 

T  is  the  absolute  temperature, 

k  is  the  reaction  constant,  and 

is  the  stoichiometric  factor  (weight  fraction  of  solute  in  particles) . 


Bannvh,  Modin  and  Modin  (5)  were  among  the  first  to  obtain  quantitative 
experimental  data  for  the  snheroidization  of  cementite  in  steel.  They  de- 
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termined  the  mean  particle  size  as  a  function  of  snheroidlzing  time  for  a 
cutectoid  steel  of  commercial  purity.  was  found  to  be  proportional  to  1 

at  700°C,  in  agreement  with  the  Lifshitz-Wagncr  (1-4)  theory  for  diffusion- 
controlled  growth.  At  lower  temperatures  agreement  van  poor. 

Meckel  (6)  has  presented  mathematical  models,  adapted  fv«im  the  Ltf- 
shitz-i'agner  theory,  for  five  rate-control  1  leg  median  lams.  These  models 
have  the  advantages  of  being  able  to  treat  snv  Input  sl»e  distribution  and, 
therefore,  require  no  assumption  of  a  *t  eadv- st  at  e  ■(  *»i  i  Ihut  lor .  Iwo  of 
these  models  arc  given  by  hmiatlons  1  and  4: 


(i)  for  diffusion-controlled  growth  (minlmui  ?at<) 

r-g-r-r.  ACiU/f  ACi.fl 


AC*j) 

+(!aco] 

(1) 

(ii)  for  interface-controlled  growth,  limited  by  the  reaction  of  the 
deposition  (growing)  interfaces  (reaction  rate  proportional  to 
the  solute  thermodynamic  activity  gradient  across  the  interface): 


where : 


X‘t  is  the  radius  of  the  particle  whose  growth  rate  is  being  calculated, 
is  the  radius  of  any  of  the  neighbors  surrounding  the  iC^, 

D  is  the  diffusion  coefficient, 

is  the  density  of  the  second  phase, 

Nr  is  the  number  of  second-phase  particles  per  unit  volume, 

K,  Is  the  reaction  rate  constant,  and 
ACij  is  the  difference  between  the  solubilities  of  the  solute  in  the 
matrix  adjacent  to  the  i^1  and  particles.  ACS)  may  be 
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calculated  from  Equation  5: 


-  ex? 


2iTVm  \ 

Xj  ) 


(5) 


lleckel  and  DeCregorio  (7)  used  these  models  for  their  study  of  a  bi¬ 
nary  Fe  -  0.75C  steel : spheroidized  at  704*C  for  various  times.  The  diffu¬ 
sion-controlled  model  (Equation  3  using  the  diffusion  coefficient  for  car- 
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bon  in  ferrite  [  ■  6.75  x  10  cm  /sec]),  pave  snheroidization  rates 

that  differed  from  their  experimental  da^a  by  one  to  two  orders  of  magni¬ 
tude.  Since  the  rates  predicted  by  the  interface-controlled  growth  model 
renresented  by  Equation  4  (with  ^  *  2  x  10  ^  cm/sec)  provided  the  best 
fit  to  their  data,  they  concluded  that  the  process  was  controlled  bv  the  de¬ 
position  of  solute  at  growing  interfaces  (the  rate  being  proportional  to 
the  thermodynamic  activitv  gradient  across  the  interface) . 

It  has  been  proposed  that  the  appropriate  diffusion  coefficient  for 
spheroidization  is  not  that  of  the  solute  in  the  matrix,  but  is  a  coupled 
diffusion  coefficient.  Oriani  (8-9)  has  considered  this  problem  from  a  vol¬ 
ume  transfer  standpoint  where  the  driving  forces  and  resistive  drags  of  both 
components  in  the  binary  system  are  coupled.  He  formulated  the  following 
expression  for  the  effective  diffusion  coefficient  for  the  spheroidization 
process : 


_ &  Vc  fre.  ^Fe _ 

N/c  t>Fe  4-  ncVc2  VfeiWft,  YiFeDc 


(6) 


where: 


Vc 


are  the  concentrations  in  ferrite  of  iron  and  carbon,  respectively, 
is  the  atomic  volume  of  iron  in  ferrite, 

is  the  difference  between  the  volume  of  one  molecule  of  Fe^C  and 


the  volume  of  three  atoms  of  Iron  In  ferrite,  and 
tW&c  are  the  diffusion  coefficients  of  Iron  and  carbon  In  ferrite,  re¬ 
spectively. 


LI,  Blakely,  and  Feingold  (10)  have  developed  a  coupled  diffusion  a- 
nalysis  which  considers  composition  constraints  as  well  as  volume  constraints. 


Their  expression  for  the  effective  diffusion  coefficient  for  spheroidiza- 
tion  of  cementite  in  ferrite  matrix  is: 

fife  Dc 


npe  (yj  ,  JQc  v  \ 

U  '  dTv^  \  *  *VC/ 


(7) 


Comparison  of  the  values  provided  by  equations  6  and  7  for  counled  diffusion 

at  700°C  shows  that  0  ■  6.4  x  10  ^  cm^/sec  and  D  *  9.2  x  10  ^cn^/sec, 

both  of  which  are  intermediate  between  the  diffusion  coefficients  of  carbon 
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and  iron  in  ferrite  (8.7  x  10  cm“/sec  (11)  and  6.3  x  10  cm  /sec  (12). 
respectively. 

Airey,  Hughes,  and  Mehl  (13)  investigated  0.15C  steels  with  various 
alloying  elements.  Their  data  were  plotted  in  accordance  with  the  Lifshitz- 
Hagner  (1-4)  analysis  assuming  diffusion  control,  and  reasonable  agreement 
was  found.  Their  calculated  Q  values,  using  L)  and  Equation  1,  reached 
unlikely  high  values  at  low  snheroidization  temperatures,  and  abnormally 
low  values  for  some  alloy  steels. 

The  above  mentioned  studies  provide  a  variety  of  experimental  data,  ana¬ 
lytical  models,  and  conclusions  to  the  mechanism  of  spheroidization  in  steels. 
Many  factors  may  have  contributed  to  the  inconsistency  in  conclusions.  Ex¬ 
perimentally,  the  purity  of  steels  used  has  not  always  been  high  and  data 
have  not  always  been  obtained  over  large  ranges  of  temperature,  carbon  con¬ 
centration  and  time.  In  the  treatment  of  their  data,  investigators  have 


generally  applied  only  a  single  method  of  data  analysis.  The  present  study 
was  designed  to  overcome  these  drawbacks.  Extensive  data  were  obtained  for 
relatively  large  ranges  of  temperature,  carbon  concentration  and  time. 

Pure  iron-carbon  steels  were  used  and  the  data  were  analyzed  in  terms  of 

Lifs'nitz-VJagner  theory  (1-4),  the  adaption  of  the  Lifshitz-Wagner  theory 
used  previously  by  Heckel  and  DeCregorio  (6,7),  and  a  newly-developed  method. 
Values  of  diffusion  coefficients  obtained  from  the  analyses  of  Oriani  (8,9) 
and  Li,  Blakely,  and  Felngold  (10)  have  been  used  in  the  mathematical  models 
for  diffusion-controlled  spheroidlzation  along  with  diffusion  coefficients 
for  iron  and  carbon  in  ferrite.  The  results  of  all  of  these  analyses  have 
been  compared  to  the  experimental  data  in  order  to  develop  an  understanding 
of  the  spheroidlzation  mechanism  and  to  resolve  some  of  the  controversy  that 
currently  exists  in  the  literature. 

II.  EXPERIMENTAL  PROCEDURE  AND  RESULTS 

A.  Materials 

The  steels  used  in  the  present  investigation  were  obtained  in  the  form 
of  1/2  inch  diameter,  vacuum-melted,  cbill-cast,  laboratory  ingots.  Composi¬ 
tions  of  the  three  steels  used  are  given  in  Table  I.  Consistency  in  the 
spheroidlzation  data  indicated  that  the  impurity  levels  were  low  enough  to 
consider  these  steels  as  binary  Fe-C  alloys. 

B.  Heat  Treatment 

The  Ingots  wt.re  cut  into  slices  (about  1/8  inch  thick)  and  mounted  on 
steel  wires  in  preparation  for  austenitizing,  quenching,  and  spheroidizing. 
Table  II  lists  the  heat  treatments  given. 


C.  Quantitative  Metallography 

Photomicrographs  were  taken  at  1000X  and  enlarged  to  about  3000X  to 
facilitate  accurate  particle  measurements.  Figure  1  illustrates  the  type 
of  structure  observed  for  the  Fe  -  0.79C  steel  spheroidized  at  704°C  for 
various  times.  Cementite  particle  size  distributions  for  each  specimen  were 
obtained  by  using  the  Delloff  (14)  analysis  for  ellipsoids  of  revolution  of 
constant  shape.  The  major  and  minor  axes,  for  the  best  fitting  ellipse,  for 
each  particle  ohserved  on  the  photomicrograph,  were  measured  and  grouped  into 
size  classes,  between  500  and  1500  particles  were  neasured  in  the  determina¬ 
tion  of  each  size  distribution.  This  random  plane  size  distribution  of  par¬ 
ticles  was  converted  to  a  volume  size  distribution  using  Equation  8: 


J  kl«V*A  L—  1  1  J 


where: 


(8) 


Nj  are  the  number  of  particles  in  the  j1"*1  size  class  per  unit  volume, 
k  is  the  number  of  size  classes, 

\<.{(\)  is  the  shape  factor,  a  function  of  q-Bj/Aj, 

A:  are  the  major  and  minor  axes  of  the  ellipsoid  of  revolution, 

respectively, 

is  the  size  class  increment, 

are  the  number  of  particles  in  the  iC^  size  class  per  unit  area,  and 
are  the  Saltykov  coefficients  (14). 

The  volume  fraction  of  cementite,  Vj  ,  and  the  total  cementita: ferrite  sur¬ 
face  area  per  unit  volume,  Sy  ,  may  be  obtained  from  the  size  distribution 
data  using.  Equations  9  through  12: 


k 

Vy  (obiaie}  s  £  N j  • 

Vy  (proiu.te)  -  ^  hlj 

j*1 


■§(« 

•  l  (AiHUjf 


(9) 

00) 
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(11) 


ST  <**)  c^+  (1S|)] 

ST(prolai«)  Sin's]  (12) 

y' 

where: 

<Aj) 

The  appropriate  value  of  c{  and  the  oarticle  shape  (oblate  or  pro¬ 
late)  were  determined  by  comparing  VT  and  Sy  values  obtained  from  Eaua- 
tions  9  through  12  to  values  obcained  by  size  and  shape  insensitive  tech¬ 
niques.  Point  counting  and  lever  rule  calculations  were  used  to  obtain  Vp. 
The  Smith  and  Outtman  technique  (15)  was  used  to  obtain  Sy  : 


ST  -  Z  Nl  (13) 

where  N|_  is  the  number  of  intercepts  of  cementitc: ferrite  interface  per 
unit  length  of  test  line.  An  oblate  shape  with  the  values  given  in  Table  III 

-.fas  found  to  give  tee  best  agreement  between  Vy  and  Sy  values  obtained  from 
Equations  9  through  12  and  values  obtained  by  the  size  and  shanc  insensitive 
techniques  mentioned  above.  Table  TIT  shows  the  mean  value  of  to  be 
0.73  with  no  systematic  variation  with  temperature,  time  and/or  composition. 
Typical  variations  in  cementite  size  distributions  (obtained  from  the  DcHoff 
analysis  (Equation  8  and  ^  values  in  Table  III)  as  a  function  of  snheroid- 
izing  time  are  shown  in  Figure  2  for  the  Fe  -  0.79C  steel  spheroidized  at 


704°C. 


The  mean  particle  size  for  each  size  class,  Rj  ,  the  mean  overall  nar- 
tlcle  size  for  each  specimen,  R  ,  and  the  total  number  of  particles  per 
unit  volume,  Ny  ,  for  each  specimen  were  calculated  using  Equations  14 
through  16: 


fe 


v- 


k 


(oblflbtc) 


(14) 


(16) 


rtT  =  £  Mi 

Figure  3  shows  the  variation  of  Ny  with  srheroidizing  tine  for  all  sped- 
mens.  Figure  4  p.ivcs  the  variation  of  (  it  —  )  as  a  functl°n 

(t-t.)  where  C0  and  to  arc  the  mean  radius  and  spheroidizing 

time  for  tiie  specimen  snheroidized  for  the  shortest  time  at  each  temperature. 

111.  DISCUSSION’ 

A.  Analysis  of  size  distribution  changes  with  tine 

Steady-state  kinetics  is  observed,  accordtne  to  the  Lifshitz-’.’agner  (1-4) 
theory,  after  a  steady^state  si2e  distribution  of  cementite  particles  is  at¬ 
tained.  1'cuations  1  and  2  describe  the  steady-state  growth  for  diffusion- 
controlled  and  interface-controlled  mechanisms,  respectively.  I’agner  (1) 
has  given  the  shane  of  the  steady-state  size  distribution  curve  to  be  ex¬ 
pected  for  diffusion-controlled  growth  (Figure  5  -  dashed  curve). 

In  the  present  investigation,  experimental  size  distribution  curves  of 
the  tyne  shown  in  Figure  2  were  normalized  for  comnarison  to  this  steady- 
state  size  distribution  by  dividing  each  distribution  into  12  equal  incre¬ 
ments  on  a  scale  of  ranging  from.  0  to  3.0.  histograms  thus  obtained 

were  approximated  by  continuous  curves.  Figure  5  shows  the  normalized  ex¬ 
perimental  size  distribution  curves  for  the  Fe  -  0.70C  steel  snheroidized 
at  704®C,  connared  to  the  predicted  steady-state  distribution.  Although 
the  experimental  size  distributions  approached  the  steady-state  size  distri¬ 
butions  with  increasing  spheroidizinp  time,  steady-state  was  not  attained 
in  the  range  of  time  covered  hv  the  present  investigation. 

y  / 

Ardel 1  and  Nicholson  (16)  investigated  spheroidi zation  of  5  in  the 
Ni-Al  system  and  found  that  the  steadv-state  size  distribution  was  attained 
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at  very  short  tines.  They  ohtalned  eood  .agreement  with  the  Lifshitz-E'apner 
theory  for  diffusion-controlled  kinetics.  Apparently,  the  Fe-C  system  ap¬ 
proaches  steady-state  spheroidization  much  more  slowly. 

B.  Analysis  of  vs.  t  data 

The  variation  of  mean  radius,  R  ,  with  snheroidizing  time  ,  t.  ,  was 

studied  using  Equations  1  and  2  in  order  to  evaluate  their  apnl icahil itv  to 

size  distributions  which  only  approached  the  steady-state.  R^nnd  , 

values  at  the  initial  stapes  of  observed  spheroidization,  were  substituted 

in  Enuations  1  and  2  for  the  values  at  the  onset  of  steady  state,  and 

Figure  4  shows  the  experimentally  observed  behavior  of  vs.  Ct-fco} 

for  all  compositions  and  temperatures  studied.  The  slopes  of  the  lines  are 

p.iv«n  in  Table  IV.  The  slopes  generallv  Increase  with  increasinp  temperature 

and  appear  to  approach  1.00.  Application  of  Equations  1  and  2  to  steady- 

-/  / 

state  size  distributions  (using  R0  and  t0  )  should  provide  a  slope  of 
1.00  for  diffusion  control  and  1.50  for  interface-reaction  control.  The 
data  of  the  present  investigation  suggest  a  diffusion-controlled  mechanism, 
with  the  deviations  of  slopes  below  1.00  being  due  to  non-steady-state  con¬ 
ditions  and  the  arbitrary  selection  of  values  for  R0  and  t0  . 

The  data  points  in  Figure  4  were  used  to  obtain  values  corresponding 

to  D  in  Equation  1,  by  forcing  a  slope  of  1.00  on  them  and  measuring  the 

2  3 

intercepts.  Values  of  (T  ■  700  ergs/cm  ,  *»  24.3  cm  per  mole, 

■  8.32  x  107  ergs  per  mole  -  K°,  If  *  0.067  and  Co  values  at  dif¬ 
ferent  temperatures  from  the  literature  (17)  were  used  for  the  calculation 
of  t)  from  the  intercept  value.  Table  V  lists  the  calculated  values  of 
T)  .  The  slope  of  log  t)  vs.  '/x  was  not  constant  and  may  be  attributed 
to  the  non-steady-state  kinetics.  This  will  be  discussed  in  further  detail 
later. 
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C.  Analysis  of  size  distribution  to  pet  . 

Tliis  method  of  analysis  was  basically  similar  to  that  used  bv  lleckel 
and  OeCregorio  (7).  Kxperimental  size  distribution  curves  were  compared  as 
n  function  of  spheroid! zing  time  to  obtain  values  of  the  growth  (or 

shrinkage)  rate  of  a  given  size  in  the  distribution.  These  experimental 
values  of were  compared  to  calculated  values  obtained  from  Cnuations 
3  and  4.  The  present  study  differed  from  the  former  (7J  in  that  a)  a 
series  of  D  (Fouation  3)  and  K|  (1'nuation  4)  values  were  used  in  order 
to  find  the  value  that  best  fit  the  data  for  each  of  the  two  models,  and 
h)  the  difference  in  time  over  which  the  experimental  <Jxj./dt  values  were 
determined  was  subdivided  into  about  100  time  increments  for  the  evaluation 
of  values  from  l.auatlons  3  and  4.  This  second  change  from  the 

former  method  of  analysis  provided  a  more  continuous  variation  !n  the  size 
distribution  over  the  time  range  between  two  experimentally-determined  dis¬ 
tributions.  Comparison  of  experimental  and  calculated  values  of 
showed  that  the  size  for  zero  growth  rate  was  always  larger  for  the  experi¬ 
mental  rates  than  for  the  rates  calculated  for  either  diffusion-controlled 
or  interface-controlled  growth  (as  also  shown  by  the  previous  study  (7)  ). 
Typical  results  for  the  Fe  -  0.79C  steel  at  704°C  in  the  present  investi¬ 
gation  are  shown  in  Figure  6.  The  lateral  displacement  between  the  experi¬ 
mental  and  calculated  growth  curves  is  probably  due  to  errors  involved  in 
obtaining  the  experimental  growth  curves  (7)  and,  thus,  comparison  to  cal¬ 
culated  curves  should  be  made  after  shifting  the  experimental  curves  in  order 
to  obtain  alignment  of  the  sizes  for  zero  growth  rate.  Comparison  of  the 
curves  shown  in  Figure  6  gives  a  value  of  ^  (for  interface-controlled 

growth)  between  10  ^  and  10  ^  cm/sec  or  a  value  of  ^  (for  diffusion-con- 

-7  2 

trolled  growth)  of  about  10  cm  /sec.  Selection  of  the  appropriate  rate 
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controlling  mechanism  by  noting  whether  either  Kj  or  ft  was  constant  with 
tire  at  the  snheroidizing  temperature  was  difficult  due  to  inaccuracy  in 
shifting  and  comparison.  It  should  be  noted  though  that  the  values  of  ft 
were  generally  lower  than  those  for  diffusion  of  carbon  in  ferrite  (11) 
and  the  values  of  Kj  at  704*C  are  in  the  ran.,.-  determined  nreviously  (7). 

I).  Analysis  of  Ny  vs.t  data 

f'ouations  3  and  4  tray  he  used  to  calculate  the  variation  in  the  total 
number  of  particles  per  unit  volume,  ^ly  ,  as  a  function  of  time  for  com¬ 
parison  to  the  experimental  data  shown  in  Figure  3.  This  calculation  was 
accomplished  by: 

i)  dividing,  an  experimental  size  distribution  into  about  20  size 
classes, 

ii)  assuming  a  value  of  0  (for  Equation  3)  or  (for  Eouation  4), 

iii)  calculating  the  change  in  size  of  the  particles  in  each  size  class, 
AXj.  ,  for  time  increments,  At  ,  which  were  small  compared  to 

the  time  between  experimental  data  points  (about  100  increments 
were  used) , 

iv)  continuing  step  (iii),  noting  the  times  at  which  disappearance  of 
the  class  containing  the  smallest  particles  occurred. 

In  those  instances  where  this  procedure  reduced  the  number  of  size  classes 
to  5,  the  size  distribution  was  then  reformulated  into  about  20  classes 
and  the  calculation  was  continued.  The  above  seouence  of  steps  provided 
the  data  necessary  to  calculate  the  change  In  size  distribution  and,  thus, 
the  change  ir  Ny  with  time  for  any  value  of  ft  or  . 

Comparison  of  calculated  values  of  bly  to  the  experimental  values  for 
the  three  steels  spheroidized  at  three  temperatures  showed  that  the  diffu- 
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sion-controlled  growth  model  (Equation  3)  approximated  the  experimental  data 
as  a  function  of  time  with  only  about  an  order  of  magnitude  (or  less)  vari¬ 
ation  In  D  .  The  interface-controlled  growth  model  (Fquation  4)  generally 
renuired  a  two  to  three  order  of  magnitude  variation  in  to  fit  the  ex¬ 
perimental  Nj  vs.  "t  data.  The  results  of  these  calculations  for  the  Fe  - 
0.79C  steel  spheroidized  at  704°C  are  shown  In  Figure  7.  The  size  distri¬ 
bution  at  2  x  10^  sec  (specimen  1A)  was  used  to  calculate  the  decrease  in  Ny 
with  tine  from  both  Equation  3  and  Kouation  4  with  various  values  of  D  and 
K.|  ,  respectively.  It  can  be  seen  in  Figure  7  that  the  shape  of  the  dif- 
fusion-controlled  growth  curve  with  a  value  of  D  ■  10  cm  /sec  most  closely 
approximates  the  experimental  My  values  as  a  function  of  time.  In  addition, 
calculations  of  Nyvs.t  based  on  Kouation  3,  hut  starting  with  later  ex¬ 
perimental  distributions  (specimens  3A,  5A,  and  6A) ,  also  indicate  a  good 

—8  —7  2 

approximation  of  the  experimental  values  with  10  <t><10"'  cm  /sec .  These 
values  are  in  agreement  with  those  obtained  frcrni  the  analysis  dis¬ 

cussed  previously  and  show  much  less  scatter  than  the  ^  values  from  the 
analysis.  Figure  7  also  shows  that  the  curves  of  N-j-vs.  t 
calculated  from  Fauation  4  do  not  conform  to  the  shape  of  the  experimental 
curves  and  the  point-to-noint  fit  to  the  data  may  be  achieved  only  after 
several  orders  of  magnitude  variation  of  l^|  in  Kquation  4.  A  summary  of 
the  '  hest  fit’’  values  of  D  and  Kj  at  704cC  for  both  the  Fe  -  0.79C  steel 
(Figure  7)  and  the  Fe  -  0.42C  steel  are  presented  in  Table  VI.  The  values 
of  L>  for  these  steels  have  approximately  the  same  magnitude  and  show  much 
less  variation  with  time  than  the  values  of  Kj  .  The  My  vs.T  analysis 
clearly  defines  the  process  to  be  diffusion-controlled.  A  summary  of  the 
best  fit''  values  of  D  using  the  Ny  vs.  t  data  starting  with  the  short¬ 
est  tire  size  distribution  for  the  three  steels  spheroidized  at  three  tem- 
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rerntures  Is  given  In  Table  VII. 

The  changes  in  size  distribution  that  can  be  calculated  Iron  this 
vs.  t  analysis  give  another  justification  for  the  applicability  of  this 
type  of  analysis  to  spheroidization  data.  Figure  fi  ehows  the  nomalized 
size  distribution  curves  that  were  calculated  using  the  dif fusion-control  led 
growth  model  (louation  3)  for  the  Fe  -  0.79C  steel  at  704#C  using  t)  *  10  ^ 
cnr/sec  and  the  size  distribution  at  T.  *  ?  x  10  sec  (specimen  1A  ir. 

Figure  7).  It  can  be  seen  that  the  calculated  distributions  approach  the 
steady-state  distribution  and  closely  approximate  the  normalized  experimen¬ 
tal  distributions  shown  in  Figure  5. 

I'.  Temperature  Denendence 

The  values  of  D  obtained  by  the  various  methods  of  analysis  used 
In  the  present  investigation  are  summarized  as  a  function  of  temperature 
in  Figure  9.  Values  of  the  diffusion  coefficient  of  carbon  in  ferrite. 

(11),  the  diffusion  coefficient  of  iron  in  ferrite,  (12),  the  coupled 

(volume)  diffusion  coefficient  of  Oriani,  U  (B,9),  and  the  coupled  (com¬ 
position  and  volume)  diffusion  coefficient  of  LI,  Blakely,  and  Feinpold, 

D  (10)  are  shown  for  comparison. 

It  may  be  seen  that  the  coupled  diffusion  coefficients  accurately  pre¬ 
dict  the  temperature  dependence  of  the  1}  values  determined  bv  the 
vs.  "t  analysis.  It  is  expected  that  the  experimental  D  values  should 
he  somewhat  high,  since  the  model  used  (6)  employs  a  minimum  cross-section¬ 
al  area  of  the  diffusion  paths  between  particles.  Therefore,  calculations 
using  this  model  would  result  in  experimental  0  values  that  were  sone- 
i.’liat  large.  In  addition,  the  experimental  t)  values  were  based  upon  the 
spheroidization  of  the  initial  size  distribution.  Table  VI  and  Figure  7 
show  that  there  is  a  tendency  for  the  D  values  to  decrease  slightly  with 
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time.  If  the  effects  of  the  cross-sectional  area  of  the  paths  and  the 
long-time  I)  values  were  incorporated  into  Figure  9,  the  agreement  between 
the  experimental  X)  values  and  the  coupled  ^  values  would  be  much  better. 

The  non-linearity  of  the  plots  of  ^  values  determined  bv  the  Lif- 
shitz-l.'aener  analysis  of  the  mean  particle  size  shown  in  Figure  9  is  prob- 
ablv  due  to  the  non-steady-state  distribution  exhibited  by  the  data.  It 
should  he  noted  that  the  high-temperature  data  points  define  a  slope  which 
approached  that  of  the  coupled  ^  values  and  that  of  the  N*r  vs.  X  data, 
however,  the  departure  from  the  steady-state  condition  at  lower  temperatures 
brings  about  considerable  error  in  using  this  analysis.  It  is  conceivable 
that  this  is  the  reason  that  bannyli.  Mod in  and  Modin  (5)  found  that  the 
Lifshitz-i.'agner  analysis  was  not  applicable  to  their  data  obtained  at  tem¬ 
peratures  he  low  700°C. 

IV.  FUM’IARY  AND  CONCLUSIONS 

The  present  investigation  provides  spheroidization  data  for  cementite 
in  iron-carbon  alloys  over  ranges  of  carbon  content,  temperature,  and  time, 
because  of  the  purity  of  the  binary  alloys  that  wpre  studied,  the  results 
obtained  could  be  compared  to  the  various  existing  spheroidization  models 
for  binary  alloys.  It  may  be  concluded  from  this  comparison  that: 

1.  The  experimentally-determined  size  distributions  of  cementite 
particles  approach  the  Lifshitz-Uagner  steady-state  distribu¬ 
tion,  but  do  not  reach  it  in  times  up  to  about  10^  sec. 

2.  The  R  vs.T  analysis  of  spheroidization  (Lif shitz-V'agner)  may 
lead  to  errors  in  data  analysis  if  the  departure  from  the  steady- 
state  size  distribution  is  large.  The  departures  from  the  steady- 
state  size  distribution  are  smallest  at  the  highest  spheroidizing 
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temperatures  and,  thus,  the  errors  in  using  the  Lifshitz-V'agner 
treatment  are  lowest  in  this  range  of  temperature. 

3.  The  mathematical  model  proposed  previously  (6)  provides  a  means 
for  analyzing  spheroidization  data  for  size  distributions  which 
are  not  at  steady-state. 

4.  Analysis  of  vs.  t  data  provides  similar  results  with  much 
less  data  scatter  than  the  method  of  ar.alvsis  of  growth  (and 
shrinkage)  rates  of  individual  size  classes  (  dxj.  /dt.  )  (7). 

.r;.  The  analysis  of  vs.  t  data  in  terms  of  previously-develored 
models  (6)  indicates  that  the  spheroidization  of  binary  iron- 
carbon  alloys  is  controlled  by  long-range  diffusion.  The  appro¬ 
priate  diffusion  coefficient  lies  hr  ween  the  extremes  cf  the 
diffusion  coefficients  of  iron  and  carbon  in  ferrite.  A  coupled 
diffusion  coefficient,  of  the  types  proposed  hy  Oriani  (R,9) 
and  Li,  Blakely,  and  Feingold  (10),  appears  to  be  applicable. 
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Tabic  I 


Composition  of  steels  (weight  percent) 
used  in  the  present  investigation 


t* 

Cr 

ili 

Si 

Co 

Cu 

V 

Mo 

Fe-0.24C 

0.24 

I.  .F. 

N.F. 

o.onx 

n.oox 

O.OOX 

o.oox 

o.oox 

Fe-0.42C 

0.42 

0.002** 

0.075** 

o.oox 

o.oox 

o.oox 

o.oox 

o.oox 

Fe-O. 79C 

0.79 

0.004** 

N.F. 

0.022**0. nox 

o.oox 

o.oox 

o.oox 

*com bust  ion 
**Jet  chemistry 

all  other  elements  analyzed  by  spectrograph! c  analysis 
N.F.  -  not  found  by  spectrop,raphic  analysis 


Table  II 


Summary  of  austenitizing  and  spheroidlzing  heat 
treatment*  conditions  used  in  the  present  investigation 


Austenitizing  treatment+  Range  of  spheroidlzing  times 

Temperature  Time  (sec)  at  different  temperatures 


Cc) 

(min) 

704°C 

649*  C 

594°C 

Fe  -  0.24C 

855 

8 

2  x  1<T 

7  x  10J 

2  x  104 

Fe  -  0.42C 

815 

S 

to  6 

to  c 

to  , 

1  x  106 

3  x  1(T 

1  x  in6 

Fe  -  0.79C 

755 

8 

*  All  heat  treatments  carried  out  in  salt  baths 
+  Austenitizing  followed  by  water  quench 


TaMe  TTT 


''allies  of  the  axial  ratio  of  ohlare  ellipsoids  of 
revolution,  £|  ,  as  a  function  of  steel  composition 
and  snhproidizinp  conditions 


Tine  (spc)  of  spheroi dizine  at  70 4*C 


2  x  10 

7  x  10 

20  x  10 

50  x  10 

100  x  in 

200  x  10 

350  x  10  loon  x  in 

re  - 

0.24C 

0.53 

0.75 

0.85 

1.00 

re  - 

0.420 

0.60 

0.55 

o.on 

0.70 

0.75 

1.00 

Fe  - 

0.700 

0.65 

0.75 

0.75 

0.75 

0.75 

0.05 

n.pn  0.*5 

Tine  (sec)  of  soheroldizlng  at  649*0 


7  x  103 

20  x  103 

100  x  103 

300  x  103 

Fe  -  0.24C 

0.60 

0.60 

0.70 

0.75 

Fe  -  0.42c 

0.60 

0.55 

0.70 

0.70 

re  -  0  70f 

0.70 

0.75 

0.95 

0.55 

Time  (sec)  of  spheroid! zinp  at 

596  °0 

20  x  103 

100  x  103  200  x  103  350  x  ]03 

500  x  103 

1900  x  103 

Fe  -  0.240 

0.80 

0.60  0.65 

0.55 

0.60 

Fe  -  0.420 

n.on 

0.70  0.75  0.90 

0.60 

Fe  -  0.790 

0. 90 

0.75  0.80  0.65 

0.60 

0.70 

Table  IV 

-  —3 

Slopes  for  plots  of  ^  )vs.  lop('t,-'t0) 

(from  Figure  4) 

Temperature  (C*) 


704 

6S0 

504 

Fe  -  0.24C 

0.74 

0.79 

0. 86 

Fe  -  0.42C 

0.72 

0.6R 

0.5R 

Fe  -  0. 79C 

1.02 

0.85 

n.70 

Table  V 


Values 


Fe  -  0 
Fe  -  0 
Fe  -  n 


of  ^  (cm^/sec)  obtained  from  vs.£  ana1vs*s 


Temperature  (C.  ) 


704 

-6 

24C 

1 .4  x 

10  " 

42C 

l.fi  X 

in'8 

7<>r 

6.0  x 

in  " 

f  l,*  50A 

l.R  x  in"9  1.2  x  in 

1.3  x  in'9  1.5  X  in 

6.0  X  in'9  3.n  x  m 


Table  VI 


Summarv  of  values  of  ^  (cm/sec)  and  (cn/sec) 
which  provide  the  best  fit  to  the  Ki-rvs.  "t  data 
for  the  Fe  -  0.42 C.  and  Fe  -  0.79C steels  spheroid! zed 
at  704*C.  Values  art  listed  according  to  the 
spheroid! zing  tine  of  the  specimen  used  to  obtain 
the  experimental ly-deteminpd  size  distribution 
which  was  used  as  the  starting  point  for  the  calcula¬ 
tion  using  Fnuatior  1  and  Foliation  A. 


Values  of  1)  and  ^  to  get  host  fit 
of  Ktj-vs.T  starting  with  experimental 
size  distribution  obtained  at  7r*A°r 
after  the  following  times  (sec )_: 


2  x  in1 

20  x  l*3 

100  X  lO1 

- - 1 

200  x  lo3! 

Fe  -  0.42C 

D 

0  x  10~8 

2  x  10~8 

-fl 

1  x  10  * 

oc 

1 

c 

X 

*“-l 

-6 

_b 

-b 

-f 

Fe  -  0.47C 

K. 

400  x  10  ° 

20  x  10 

0  x  10 

0.7  x  ]o  , 

Fe  -  0.79C 

T> 

10  x  10-8 

5  x  10”8 

0  x  10'R 

1  x  10  8  1 

-b 

_b 

-b 

-b  i 

Fe  -  0.70C 

k, 

600  x  10 

_ — 

100  X  10 

10  x  ]0 

1  X  10  | 

Table  VIT 


Sunanarv  of  values  of  D  which  nrovidc  the  host  fit  of  Foliation  1  to  the 
vs.  t  data  for  the  three  steels  and  three  sr.-eroidlxlne  temperatures 
studied.  The  experimental lv-determlned  size  distribution  used  with 
Equation  T  was  obtained  from  specimens  snhoroidized  for  the  shortest 
length  of  time  (see  Tahle  ITT)  in  order  to  provide  a  fit  over  the  widest 
possible  time  ranee . 


Temperature  (*C> 

0 

for*  /spc 

re 

- 

o.  240 

70/. 

j  .5 

X 

Fe 

— 

0.4  70 

70/, 

0 

X 

1 0 

Fe 

n.7<J  c 

704 

1 

X 

JO-7 

Fe 

- 

0.240 

f4f» 

1.4 

X 

lnI« 

Fe 

n./,?r 

A40 

1.2 

X 

1°-« 

re 

- 

o.7°o 

f,/,o 

1 

X 

10 

Fe 

- 

0.240 

5«4 

1.4 

X 

in:: 

Fe 

0.470 

504 

1.7 

X 

10  0 

Fe 

- 

o  70C 

S°4 

1.1 

X 

10 

Figure  1  -  Photomicrograph*  shoving  the  change  in  size  distributions  of 
cenentite  in  ferrite  in  the  Fe  -  0.79C  steel  as  a  function  of  tine  of 
spheroidizlng  at  704* C.  -  4  X750 

(a)  specimen  1A  (2  x  10  see);  (b)  specimen  3A  (2  x  10g  sec); 

(c)  specimen  6A  (2  x  1(T  sec);  (d)  specimen  9A  (1  x  10  sec). 

Figure  2  -  Number  of  particles  per  unit  volume,  Nj» in  a  given  size  class  as 
a  function  of  its  mean  particle  size,  ,  for  the  Fe  -  0.79C  steel 
spheroidlzed  at  704*C. 

Figure  3  -  Tctal  number  of  particles  per  unit  volume,  ,  as  a  function 
of  sphero Mixing  time,  't  ,  for  the  three  steels  and  three  temperatures 
studied  in  the  present  investigation. 

Figure  4  -  Variation  of  the  mean  particle  radius,  "R  ,  with  spheroidizlng 
time,  "t  ,  plotted  in  the  form  of  (K*  ~  )as  a  function  of  ) 

for  the  three  steels  and  three  temperatures  studied  in  the  present  inves¬ 
tigation.  R0  and  ~b0  values  are  taken  from  the  shortest  spheroidizlng 
times  studied. 

Figure  5  -  Normalized  size  distribution  curves  for  the  experimental  data 
for  the  Fe  -  0.79C  steel  spheroidlzed  at  704*C,  compared  with  each  other 
and  with  the  steady-state  size  distribution  predicted  by  the  Lifsliitz- 
Wagner  theory. 

Figure  6  -  The  experimental  rates  of  growth  of  particles  in  a  given  size 
class,  <ixi  /dt  ,  are  plotted  as  a  function  of  the  size  of  particles 
in  the  size  class,  X£  ,  for  particles  in  specimen  1A  growing  to  particles 
in  specimen  2A  (Fe  -  0.79C  steel  spheroidlzed  at  704*C).  These  are  com¬ 
pared  with  the  calculated  rates  based  on  the  diffusion-controlled  and 
the  interface-controlled  growth  models. 

Figure  7  -  The  experimental  variation  of  the  total  number  of  particles,  bly-  , 
as  a  function  of  spheroidizlng  time,  t-  ,  compared  with  the  calculated 
variations.  The  calculated  variations  are  based  on  the  diffusion-con¬ 
trolled  and  the  interface-controlled  growth  models.  Variations  are  cal¬ 
culated  from  different  starting  size  distributions  for  the  Fe  -  0.79C 
steel  spheroidlzed  at  704"C. 

Figure  8  -  Normalized  size  distribution  curves,  calculated  for  the  Fe  -  0.79C 
steel  spheroidlzed  at  704*C,  using  the  diffusion-controlled  growth  model, 
compared  to  the  steady-state  size  distribution  curve  predicted  by  the 
Lifshitz-Wagner  theory.  The  value  of  D  ■  10"'  cm^/sec  and  specimen 
1A  as  the  starting  size  distribution  were  used  for  the  calculation. 

Figure  9  -  Plots  of  diffusion  coefficient,  D  ,  as  a  function  of  inverse 
temperature,  */t  •  Dc  and  ^Ftfwere  obtained  from  literature  (11,12). 

"D  and  D  were  calculated  using  Equations  6  and  7.  Values  obtained 
from  the  N-p  and  ^  analyses  are  compared  to  these  values. 
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Figure  1  -  Photomicrographs  shoving  the  change  In  size  distribution  of 


ceoentlte  In  ferrite  In  the  Fe  - 
spheroldlzlng  at  704*C.  . 

(a)  specimen  1A  (2  x  l(r  sec); 
(c)  specimen  6A  (2  x  l(r  sec); 


.79C  steel  as  a  function  of  time  of 

X750 

(b)  specimen  3A  (2  x  10,  sec); 

(d)  specimen  9A  (1  x  10  sec) . 
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Figure  2  -  Number  of  particles  per  unit  volume,  N:  ,  in  a  given  size  class  as 
a  function  of  its  mean  particle  size, R  •  ,  for  the  Fe  -  0.79C  steel 
spheroidized  at  70A*C,  * 
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re-  0.42  C 
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8of  «nhA i?  V  i11  per  uni  volume.WT»  *■  a  function 
of  .pheroidizing  time,  *  ,  for  the  three  steels  and  three  temperatures 
studied  in  the  present  investigation. 
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Figure  5  -  Normalized  size  distribution  curves  for  the  experimental  data 
for  the  Fe  -  0.79C  steel  spheroidized  at  704*C,  compared  with  each  other 
and  with  the  steady-state  size  distribution  predicted  by  the  Lifshitz- 
Wagner  theory. 
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Figure  6  -  The  experimental  rates  of  growth  of  particles  in  a  given  size 
lass ,  *  are  plotted  as  a  function  of  the  size  of  particles 

in  the  size  class, ,  for  particles  in  specimen  1A  growing  to  particles 
in  specimen  2A  (Fe  -  0.79C  steel  spheroidized  at  704*C) .  These  are  com¬ 
pared  with  the  calculated  rates  based  on  the  diffusion-controlled  and 
the  interface-controlled  growth  models. 
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Figure  8  -  Normalized  size  distribution  curves,  calculated  for  the  Fe  -  0.79C 
steel  spheroidized  at  704*C,  using  the  dif fusion-controlled  growth  model, 
compared  to  the  steady-state  size  distribution  curve  predicted  by  the 
Lifshitz-Wagner  theory.  The  value  of  0  ■  10"?  cnr/sec  and  specimen 
1A  as  the  starting  size  distribution  were  used  for  the  calculation. 
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Figure  9  -  Plots  of  diffusion  coefficient, 0  ,  as  a  function  of  inverse 
temperature,  J/T.  and  Dp* were  obtained  from  literature  (11,  12) 

Or  and  p*®»were  calculated  using  Equations  6  and  7.  Values  obtained 
from  the  ^and  ^  analyses  are  compared  to  these  values. 
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The  spheroidization  of  cementite  in  binary  iron-carbon  alloys  (0.24,  0.42,  and  0.79 
weight  percent  carbon)  was  invegtigated  over  a  range  of  temperatures  (594,  649,  and 
704*C)  for  times  up  to  about  lCr  seconds.  Quantitative  metallography  techniques 
were  used  to  obtain  the  following  microstructural  data  on  the  cementite  particles: 
shape,  size  distribution,  mean  size,  number  of  particles  per  unit  volume,  and  growth 
(and  shrinkage)  rates  of  various  sizes  in  the  size  distribution.  The  variations  of 
these  microstructural  parameters  were  analyzed  in  terms  of  existing  models  for  the 
spheroidization  process. 

The  Lifshitz-Wagner  analysis  is  shown  to  have  limited  applicability  to  the  spheroid! 
zation  of  cementite  in  binary  steels,  since  the  required  steady-state  size  distribu¬ 
tion  is  not  attained  in  times  less  than  about  10”  seconds.  An  analysis  similar  to 
that  of  Lifshitz  and  Wagner,  but  requiring  no  specification  of  the  shape  of  the  size 
distribution,  is  shown  to  apply  and  indicates  that  the  observed  spheroidization  was 
diffusion-controlled.  The  effective  diffusion  coefficient  was  between  the  values 
for  the  diffusion  of  carbon  and  iron  in  ferrite  and  approximated  the  coupled  diffu¬ 
sion  coefficients  developed  by  Oriani.and  Li,  Blakely,  and  Feingold. 
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